Introduction {#Sec1}
============

Genetic diversity of a species can lend information about population connectivity, adaptive potential, and allow insight into past events. In addition, measures of diversity are important in management---especially for species that inhabit disturbed areas or are manipulated for culture and/or harvest. The Pacific lion-paw scallop (*Nodipecten subnodosus*) is such a species, which exhibits a relatively unique geographic distribution, inhabiting waters of both the Pacific and Gulf of California (Sea of Cortez) coasts of the Baja California Peninsula, Mexico.

Over the past 5 million years, the Baja California Peninsula was bisected by two seaways connecting the Pacific Ocean with the Gulf of California. Approximately 3 million years ago (Ma), a seaway was found across the southern portion of the Peninsula at the Isthmus of La Paz while the second, mid-Peninsular seaway is estimated to have occurred 1 Ma connecting the Pacific to the Gulf of California near what is now Santa Rosalia (Upton and Murphy [@CR78]; Terry et al. [@CR76]; Stepien et al. [@CR72]; Bernardi et al. [@CR9]) (Fig. [1](#Fig1){ref-type="fig"}). Evidence of the separation of the land masses by one or both of these seaways has been demonstrated by divergence on either side of the proposed seaway(s) in terrestrial taxa (Upton and Murphy [@CR78]; Blair et al. [@CR11]; Riddle et al. [@CR63]; Riginos [@CR64]; Lindell et al. [@CR40], [@CR41]). However, the extent of connectivity between marine habitats afforded by the seaway(s) and the resulting influence on the evolution of the Pacific lion-paw scallop is unknown and difficult to predict, as prior studies of fish distributed similarly to the Pacific lion-paw scallop have shown varying patterns of interspecific diversity around the Baja California Peninsula. Some species have been shown to have fixed differences between coastal populations (Stepien et al. [@CR72]; Bernardi et al. [@CR9]), while others appear to be panmicticly distributed (Bernardi et al. [@CR9]). Fished and the focus of aquaculture, the Pacific lion-paw scallop is only recently the subject of genetic investigations at the population level.Fig. 1Sampling locations around the Baja California Peninsula, Mexico. *Dotted lines* indicate approximate sites of hypothesized historical seaways connecting the Pacific Ocean and Gulf of California. Inset (*lower left*): Lagoons Ojo de Liebre and Guerrero Negro. Aggregations sampled in Ojo de Liebre are noted: Canal Barcazas (OLCB), El Datil (OLD), Banco la Concha (OLBC), El Conchalito (OLC), La Ventana (OLV), El Alambre (OLA), El Mariscal (OLM)

The largest known population of the Pacific lion-paw scallop around the Baja California Peninsula is in the Lagoon Ojo de Liebre, within the Vizcaino Biosphere Reserve on the Pacific coast (Fig. [1](#Fig1){ref-type="fig"}). In the Reserve, harvest is restricted to members of local communities in order to maintain a self-sustaining population (Masso-Rojas et al. [@CR46]). Population estimates for scallops in the Lagoon Ojo de Liebre have ranged from 8 million individuals in 1996 to 18.2 million in 2004 (German Ponce-Diaz, Personal Communication). Total biomass fluctuates within and between sites (Masso-Rojas et al. [@CR46]; Ponce-Diaz, Personal Communication); however, from 1996 to 2004, biomass was consistently estimated to be greatest in La Ventana, followed by El Alambre. On the other hand, outside the Reserve, in the Lagoon Guerrero Negro immediately to the north of Ojo de Liebre, aquaculture ventures have been established and fishermen report that few to no wild lion-paw scallops remain. The reason for fluctuations in population size and the lack of other large populations outside of the Lagoon Ojo de Liebre are largely unknown although generally assumed to be caused by stochastic environmental conditions, alteration of habitat, and fishing pressure. Across the Baja California Peninsula in the Gulf of California, scallop aggregations range from Bahia de Los Angeles in the north to Bahia de La Paz in the south (Fig. [1](#Fig1){ref-type="fig"}). Aggregations in the Gulf of California are sparsely distributed and smaller in biomass relative to those in Ojo de Liebre.

As noted, aquaculture ventures for the Pacific lion-paw scallop have been established along the Pacific coast of the Peninsula in the Lagoon Guerrero Negro and also in Bahia Tortugas. Spawners for use in aquaculture production are collected from wild populations, most often the Lagoon Ojo de Liebre; however, the origin of aquaculture stock is not well documented. Furthermore, there are many examples of aquaculture procedures resulting in a loss of genetic diversity in culture stock relative to wild populations, and this phenomenon may be occurring in cultured Pacific lion-paw scallops as well (Petersen et al. [@CR53] and references cited therein; Dixon et al. [@CR15]; Lind et al. [@CR39]; Yuan et al. [@CR81]). An understanding of the relationships between and within collections and how diversity of aquaculture populations relates to the wild are critical for the management and sustainability of both wild and cultured scallops.

Reproductive characteristics are also important in understanding potential population relationships. In the lion-paw scallop, the timing of gonad maturation and reproduction is related to water temperature and potentially also influenced by the abundance of phytoplankton (Arellano-Martinez et al. [@CR2], [@CR3]). Though the foremost spawning effort occurs annually from September to November in the Lagoon Ojo de Liebre (Arellano-Martinez et al. [@CR2]) and approximately May--June in the Gulf of California (as observed in La Paz; JL Ramirez, Personal Communication), some scallops have been observed to remature and spawn a second time during the year depending upon environmental conditions (Arellano-Martinez et al. [@CR2]). Mature at 1 year of age, Pacific lion-paw scallops are highly fecund. Each scallop can produce 20 million eggs per spawning event (Maldonado-Amparo et al. [@CR42]) and as functional hermaphrodites can self-fertilize. It is believed that self-fertilization is not common (Petersen et al. [@CR53]); though, this has not been extensively studied in the wild. Finally, broadcast spawning produces planktonic larvae that disperse in the water column for approximately 3 weeks before settlement onto the substrate.

The purpose of this study was to survey the genetic variation between and within natural, wild populations of the Pacific lion-paw scallop as well as those from aquaculture ventures using nuclear DNA (microsatellite) and mitochondrial DNA (mtDNA) data. Collections from both the Pacific Ocean and Gulf of California allowed inference of both modern and historical connectivity across the Peninsula. This information was collected with the goal of better understanding the relationships among aggregations. Samples from aquaculture companies also allow for an important comparison of diversity in aquaculture populations to that in the wild.

Materials and methods {#Sec2}
=====================

Sample collection {#Sec3}
-----------------

### Gulf of California {#Sec4}

Samples were obtained from four locations including Bahia de La Paz (GCBL), Loreto (GCLG), Bahia de Los Angeles (GCLA), and Isla Tiburón (GCIT) (Fig. [1](#Fig1){ref-type="fig"}; Table [1](#Tab1){ref-type="table"}). Collections from Loreto were obtained at three different time points, from January to June, 2006. Two sampling efforts, in February and October of 2006, make up the Bahia de Los Angeles collection, while the Bahia de La Paz and Isla Tiburón samples were each obtained in a single effort, in May 2006 and August 2008, respectively.Table 1Description of samples obtained from each collection (number = *N*), abbreviation used in text, as well as measures of genetic diversity: Allelic richness (*A*), allelic richness adjusted for sample size (*A* ~adj~), private alleles (*A* ~p~), expected heterozygosity (*H* ~e~), observed heterozygosity (*H* ~o~), inbreeding coefficient (*F* ~IS~), and estimated number of breeders (*N* ~b~)RegionSample siteDateType*NAA* ~adj~*A* ~p~*H* ~e~*H* ~o~*F* ~IS~*N* ~b~ (95% CI)Gulf of CaliforniaLos AngelesGCLAFeb-06Adults3412.99.83130.750.730.03Inf (72--inf)Oct-06Adults27Isla TiburónGCITAug-08Adults4511.29.5080.760.700.08^\*^Inf (inf--inf)LoretoGCLGJan-06Juveniles1812.19.21120.750.720.04Inf (74--inf)May-06Juveniles33Jun-06Adults8La PazGCBLMay-06Juveniles279.89.8020.770.720.07Inf (374--inf)Total---Gulf19218.017.93^a^33^b^0.760.720.05Inf (inf--inf)Ojo de Liebre---PacificEl ConchalitoOL1Nov-04Adults3814.19.840.770.750.03Inf (inf--inf)Canal BarcazasAdults36Banco la ConchaAdults39El DatilAdults38El AlambreOL2May-05Adults5113.09.950.780.750.04Inf (226--inf)El ConchalitoAdults34Banco la ConchaOL3Dec-05Adults6413.910.240.770.770.00Inf (375--inf)El MariscalAdults46La VentanaAdults53Total---Pacific39916.314.77^a^50^b^0.770.740.02Inf (inf--inf)Culture (Pacific)Spat for culture (Ojo de Liebre)AqWSDec-07Juveniles4010.69.4610.770.740.03Inf (45.3--inf)Guerrero NegroAqSCJDec-07Juveniles382.92.9000.570.75−0.031^\*^2 (1.8--2.2)Guerrero NegroAqSCPDec-07Pre-adults373.13.0400.480.50−0.0525.6 (5.6--inf)Guerrero NegroAqPBCDec-07Juveniles323.02.9800.580.74−0.28^\*^2.2 (1.9--2.5)Bahia TortugasAqBTSept-08Adults705.95.5020.710.73−0.0314 (8.6--45.3)^\*^ *F* ~IS~ significant at α = 0.05^a^adjusted to 189 samples^b^comparing all Gulf to all Pacific samples

### Pacific coast {#Sec5}

Samples from the Lagoon Ojo de Liebre were collected at three time points (Fig. [1](#Fig1){ref-type="fig"}; Table [1](#Tab1){ref-type="table"}). The first group of samples was taken in November 2004 from four locations: El Conchalito (OLC1), Canal de las Barcazas (OLCB), Banco la Concha (OLBC1), and El Datil (OLD). In May 2005, the second set of samples was obtained from fishermen and represented El Alambre (OLA) and a second collection from El Conchalito (OLC2). The final sample was also obtained from fishermen in December 2005 and consisted of scallops from El Mariscal (OLM), La Ventana (OLV), and a second sample from Banco la Concha (OLBC2). Scallops obtained from fishermen were minimally 15 cm in shell height per harvest regulations. For all other collections, individuals with shell height 2--5 cm were classified as juveniles, while those greater than 5 cm were classified as adults.

### Aquaculture {#Sec6}

Two companies provided samples from their aquaculture ventures, which are located in the Lagoon Guerrero Negro. Those include one sample from Pacific Big Clam (AqPBC) and two from the aquaculture cooperative Sociedad Cooperativa Complejo Lagunar de Guerrero Negro (AqSC). A fourth sample was obtained from Sol Azul in Bahia Tortugas (AqBT), also in the Pacific but southwest of Lagoons Guerrero Negro and Ojo de Liebre (Fig. [1](#Fig1){ref-type="fig"}). All aquaculture samples were collected in December 2007 with the exception of the sample from Bahia Tortugas, which was collected in September 2008 (Table [1](#Tab1){ref-type="table"}). The samples from AqSC represent two different spawns and time points of development, juvenile (3 month, AqSCJ) and preadult (6 month, AqSCP). Scallops that were collected as spat from wild aggregations in the Lagoon Ojo de Liebre were also obtained from Sol Azul. This sample (AqWS) represented individuals that would be grown and used to spawn future generations for aquaculture. All samples, with the exception of those from fishermen and the aquaculture companies, were obtained by diving.

Microsatellite data collection and analyses {#Sec7}
-------------------------------------------

Genomic DNA was extracted from all samples using the Promega Wizard SV96 extraction kit. Additionally, genomic DNA was provided from a single individual classified as *N. subnodosus* and collected in Panama for a prior study (Puslednik and Serb [@CR56]). Polymerase chain reaction (PCR) of a suite of 14 microsatellite DNA markers (Ibarra et al. [@CR29]; Petersen et al. [@CR54]) was employed to genotype each individual. One marker (Nsub2A1A06) was amplified and scored individually, while the other 13 loci were amplified in 4 multiplex reactions (Multiplex A: NsubA005, NsubA208, NsubC205, NsubA245; B: NsubA249, NsubA1F03, NsubA004; C: NsubA1H09, NsubA2H05, NsubA235; D: NsubC261, NsubA1G09, NsubA1H12). Marker specific primer conditions are found in the previous literature and can also be obtained from the authors. The general PCR protocol was as follows: 5--10 ng template DNA, 1X Promega buffer, 1.6 mM each dNTP, 0.375 units of Promega Go Taq Flexi polymerase, MgCl~2~ specific to each locus, primers ranging from 0.03 to 0.08 μM, depending upon their relative fluorescence in the multiplex, plus water resulting in a final volume of 10 μl. Thermal cycler profiles consisted of 94°C for 3 min, followed by 30 cycles of 94°C for 30 s, marker-dependant annealing temperature (T~a~) for 30 s and 72°C for 30 s, and a final extension period of 10 min. PCR product was diluted with 70 μl of nanopure water. LIZ600 (ABI) size standard (0.20 μl) and 8.8 μl of Hi--Di formamide (Gel Company) were added to 1 μl of each diluted sample and denatured for 3 min at 95°C. Electrophoresis took place on an ABI 3130xl with all loci labeled with 5′ 6-FAM, VIC, NED, or PET dyes for visualization.

Polymorphism Information Content (PIC) values were calculated in Cervus 3.0 (Marshall et al. [@CR45]; Kalinowski et al. [@CR32]). GDA (Lewis and Zaykin [@CR37]) was used to calculate observed and expected heterozygosities as well as to perform exact tests (Guo and Thompson [@CR22]) for Hardy--Weinberg Equilibrium (HWE) and linkage disequilibrium (LD) with 10,000 permutations to determine significance. Allelic richness was calculated for each population using FSTAT (Goudet [@CR21]), which measures the average number of alleles per locus for each collection, accounting for unequal sample size through rarefaction. Expanding on private allele analysis, the program ADZE (Szpiech et al. [@CR74]) was used to examine alleles private to combinations of populations via a rarefaction approach. This method differs from that of Kalinowski ([@CR31]) by considering alleles found in all collections within a group, therefore assisting in identifying shared variation that is unique relative to all other samples.

Exact tests of genic differentiation between temporal samples in Loreto and Los Angeles were performed in GenePop (Raymond and Rousset [@CR60]). With all collections from Loreto and Los Angeles pooled by respective sampling location, pairwise values of theta (θ) an *F*~ST~ estimator that corrects for sample size (Weir and Cockerham [@CR79]) were calculated in FSTAT as was the inbreeding coefficient, *F*~IS.~ The significance of *F*~IS~ was determined by 2,400 randomizations of the data. *G*′~ST~ (Hedrick [@CR26]), a standardized measure of *F*~ST~, was calculated to report the proportion of the maximum level of differentiation observed as determined by the homozygosity of the collections. The program RecodeData 0.1 (Meirmans [@CR48]) was used to transform the data, allowing for the *G*′~ST~ calculation. The proportion of genetic variance explained by differences among and within collections was evaluated using a hierarchical AMOVA in Arlequin 3.1 (Excoffier et al. [@CR17]).

Mean population pairwise relatedness was calculated using the estimator of Queller and Goodnight ([@CR57]) implemented in GenAlEx 6 (Peakall and Smouse [@CR52]). Relatedness was calculated using the baseline allele frequencies of the major genetic cluster to which each collection was assigned. The allele frequencies of wild, Ojo de Liebre samples were used in the calculations of relatedness within the samples spawned for aquaculture. An estimate of the number of breeders (*N*~b~) and 95% confidence intervals (CI) in each collection was obtained using the heterozygosity method of Zhdanova and Pudovkin ([@CR83]) implemented in Nb_HetEx with 10,000 bootstrap iterations.

Clustering within and among samples was tested using the Bayesian model implemented in STRUCTURE 2.2 (Pritchard et al. [@CR55]). The admixture model with correlated allele frequencies was used for runs with 100,000 burn-in and 100,000 MCMC repetitions with three different sets of samples: (1) all wild samples, (2) Gulf of California samples, and (3) Ojo de Liebre wild samples. The number of clusters (*K*) was determined by averaging log Pr(*X*\|*K*) over five repetitions for various values of *K* and choosing the value of *K* considering those with the maximum average likelihood and low variance across runs that also made biological sense. The graphical output was visualized using Distruct (Rosenberg [@CR67]).

Mitochondrial DNA sequencing and analyses {#Sec8}
-----------------------------------------

Randomly selected individuals were sequenced at the mitochondrial 12S and 16S rRNA subunits using the primers and protocol in Petersen et al. ([@CR53]) to survey mtDNA diversity within each sampling location. A total of 95 individuals (ten from each Gulf location, three from each Pacific aggregation, and at least five from each culture sample) were sequenced along with two *N. nodosus* collected from the Atlantic off the coast of Venezuela. Additionally, 12S and 16S sequence reported in Puslednik and Serb ([@CR56]) from the *N. subnodosus* specimen collected in Panama was added from GenBank (accession no. EU379427 and EU379481). All sequences were visualized and aligned in Sequencher ver4.8 (Gene Codes Corp, Ann Arbor, MI). Pairwise distances between mitotypes were computed using the Kimura 2-parameter model in MEGA ver 4 (Tamura et al. [@CR75]).

Homogeneity between mitochondrial regions of all *N. subnodosus* mitotypes was assessed using a partition homogeneity test (PHT) with 1,000 replications in PAUP4.0b10 (Swofford [@CR73]). 12S and 16S sequence from each individual were concatenated in Sequencher. The phylogeny was estimated using a Bayesian framework in MrBayes v3.1 (Ronquist and Huelsenbeck [@CR65]) assuming the most likely model of nucleotide evolution as determined using the Akaike information criterion (AIC) in MrModeltest (Nylander [@CR50]) and *N. nodosus* as an outgroup. Two simultaneous runs of 3,000,000 generations were performed with a random starting tree and sampling every 100 generations. The initial 3,000 trees were discarded as burn-in samples, and the 50% majority rule consensus tree was visualized with FigTree v1.2.2 (Rambaut [@CR58]). Mitotypes were also visualized via a median-joining haplotype network constructed using Network 4.5.1.6 (<http://www.fluxus-engineering.com>; Bandelt et al. [@CR4]).

Assignment of all wild collected individuals to one of the two resulting mtDNA clades was performed using the 12S rRNA PCR product and restriction enzyme BauI (Fermentas), which recognizes a restriction site unique to individuals with the Clade II mitotype. PCR product (5 μl) amplified as in Petersen et al. ([@CR53]) was digested with 3 units of enzyme, 2 μl of tango buffer, and water to a total volume of 10 μl and digested overnight at 37°C. 3 μl of the digest was electrophoresed on a 2% agarose gel for 30 min at 125 volts. Previously sequenced samples of each mitotype were included in each digest as scoring/digestion controls.

Results {#Sec9}
=======

mtDNA analyses {#Sec10}
--------------

A 314-bp fragment of the 12S locus and a 389-bp fragment of the 16S locus were obtained in the *N. subnodosus* alignment. Pairwise differences between Baja California mitotypes ranged from a single insertion to 13-bp differences (pairwise distance = 4.23%) within the 12S region and from a single base pair change to nine changes (pairwise distance = 1.84%) in the 16S region. A PHT including both *N. nodosus* and *N. subnodosus* found no significant heterogeneity between gene regions (*P* = 1.0); therefore, these fragments were concatenated for further analyses. Divergence between concatenated *N. subnodosus* mitotypes ranged from the single insertion to 21 single nucleotide polymorphisms (SNPs) (Kimura pairwise distance = 2.78%), while *N. subnodosus* samples from the Baja California Peninsula, Mexico, and *N. nodosus* differed by an average pairwise value of 6.17% (Table [2](#Tab2){ref-type="table"}).Table 2Average Kimura 2-parameter distance (as %) for each mtDNA region separate as well as concatenated12S16SConcatenated*N. nodosus* versus *N. subnodosus*4.907.136.17*N. nodosus* versus Clade I *N. subnodosus*6.406.346.37*N. nodosus* versus Clade II *N. subnodosus*4.757.396.15*N. subnodosus* (Panama) versus *N. subnodosus*3.571.512.26*N. subnodosus* (Panama) versus Clade I *N. subnodosus*0.000.460.25*N. subnodosus* (Panama) versus Clade II *N. subnodosus*3.931.802.63*N. subnodosus*---Clade I versus Clade II3.931.592.50Within *N. subnodosus*1.250.900.92Within *N. subnodosus* Clade I0.000.420.23Within *N. subnodosus* Clade II0.650.540.35The Panama sample is not included in *N. subnodosus* calculations unless noted. *N. nodosus* Genbank accession: GQ342261, GQ342262, GQ342274, GQ342275

The most common mitotype, (*a*), was found in 42 of 95 individuals sequenced; that and three other mitotypes were shared between coasts (Table [3](#Tab3){ref-type="table"}). Sequence data from the sample collected in Panama placed it into Clade I. The resulting Bayesian tree (Fig. [2](#Fig2){ref-type="fig"}) of wild caught samples further illustrates the divergence between clades, as does the mitotype network (Supplementary Figure 1). Restriction digest of the wild samples revealed a 26.6% incidence of the Clade I mitotype in Ojo de Liebre. In the Gulf of California, a total of six individuals were assigned by RFLP to Clade I including two from La Paz, three from Loreto, and one from Isla Tiburón (Fig. [3](#Fig3){ref-type="fig"}); the overall incidence of the Clade I mitotype in the Gulf of California was 3.3%.Table 3Distribution of mitotypes in wild and cultured samples of *N. subnodosus* and corresponding GenBank Accession numbersMitotypeGulf of CaliforniaLagoon Ojo de LiebreAquacultureTotalGenBankAccessionGCLAGCITGCLGGCBLOL1OL2OL3AqWSAqSCJAqSCPAqPBCAqBT12S16SClade I*c*6118GQ342265GQ342278*i*112GQ342265GQ342282*s*11GQ342265GQ342288*t*11GQ342265GQ342289Clade II*a*3643351514742GQ342263GQ342276*b*13111119GQ342263GQ342277*d*21137GQ342264GQ342276*e*213GQ342266GQ342276*f*112GQ342263GQ342279*g*22GQ342263GQ342281*h*112GQ342263GQ342291*J*112GQ342273GQ342276*k*11GQ342263GQ342280*l*11GQ342263GQ342283*m*11GQ342263GQ342284*n*11GQ342263GQ342285*o*11GQ342263GQ342287*p*11GQ342263GQ342290*q*11GQ342263GQ342292*r*11GQ342263GQ342293*u*11GQ342267GQ342286*v*11GQ342268GQ342276*w*11GQ342269GQ342279*x*11GQ342270GQ342276*y*11GQ342271GQ342276*z*11GQ342272GQ342276Total1010101012695555895Mitotypes are grouped according to the clade they fall into as shown in Fig. [2](#Fig2){ref-type="fig"} and Supplementary Figure 1Fig. 2Majority rule consensus tree created by Bayesian analysis of 703 bp of 12S and 16S rRNA mtDNA sequence. *N. subnodosus* mitotypes are labeled *Nsub*. Two distinct clades are observed in the *N. subnodosus* samples (*Clade I* and *II*). Posterior probabilities greater than 0.5 are shownFig. 3Incidence of the Clade I mtDNA mitotype in each wild collection as determined by PCR--RFLP

Microsatellite analyses: wild collections {#Sec11}
-----------------------------------------

### Pooling of samples {#Sec12}

Exact tests of genic differentiation showed that the temporal samples from Los Angeles were not significantly different from one another (*P* = 0.13); on the other hand, before correction for multiple testing, the third sample from Loreto (June 2006) differed from the two other samples from that location (*P* = 0.03). Due to the small size of that sample (*N* = 8), the lack of significance after Bonferroni correction, and the fact that no population level results change with or without the inclusion of these samples into the data set, all three samples from Loreto and the two from Los Angeles were pooled based upon sampling location for all further analyses. Similarly, no two individual collections in Ojo de Liebre were statistically divergent from another collected during the same sampling period; therefore, samples from Ojo de Liebre were pooled according to the date of collection for all analyses (referred to as OL1-3).

### Marker diversity {#Sec13}

A preliminary linkage map (JLP, unpublished data) show loci NsubA1H09, NsubA2H05, NsubA1H12, and Nsub2A1A06 to be in linkage groups with other loci in this study. These four loci were removed from all analyses. No other pairs of loci showed consistent LD across samples although LD was present in both wild and cultured samples. In the Gulf of California, LD was present in five pairs of loci, but none remained significant after sequential Bonferroni correction (Holm [@CR27]; Rice [@CR62]) within each sample (total of 45 tests per sample). In Ojo de Liebre, 70 total pairs of loci showed significant LD before correction, 7 in OL1, 32 in OL2, and 31 in OL3. Sixteen pairs (24.4%) remained significant in OL2 after correction for multiple tests and 11 (13.3%) within OL3. PIC values for the microsatellites ranged from 0.47 (NsubA208) to 0.86 (NsubA1G09), averaging 0.71 across loci.

Significant departure from HWE was found in 16 tests (α = 0.05) before correction for multiple testing. After applying a sequential Bonferroni correction, only one locus remained significantly different from the expectations of HWE, NsubC261 in OL2, showing heterozygote deficiency. *F*~IS~ was significantly different from zero in GCIT. Overall expected and observed heterozygosities from the wild were similar to one another and similar to AqWS (Table [1](#Tab1){ref-type="table"}).

### Relatedness & *N*~b~ {#Sec14}

All wild samples in Ojo de Liebre had mean pairwise relatedness values within the bounds of the CI expected under the null hypothesis of random mating. The Gulf of California samples, examined separately, showed high relatedness in the Loreto sample, and significantly lower relatedness than the expected value in the sample from La Paz (Fig. [4](#Fig4){ref-type="fig"}). Confidence intervals (95%) of the estimates of *N*~b~ in the Gulf and Ojo de Liebre populations and the wild spat collected by producers had a median and upper bound of infinity (Table [1](#Tab1){ref-type="table"}).Fig. 4Mean pairwise relatedness ±standard error for each of the wild (*left*) and aquaculture (*right*) collections based upon microsatellite genotypes. *Circles* designate the upper and lower bounds of the 95% confidence interval for the null hypothesis (random mating)

### Population divergence {#Sec15}

Comparing the collections parsed by sampling date in Ojo de Liebre resulted in one significant θ value between OL1 and OL2. No significance was found within the comparisons among samples in the Gulf (Table [4](#Tab4){ref-type="table"}). Significant differences were found in all comparisons between wild samples in Ojo de Liebre and those in the Gulf of California. The pairwise θ values comparing collections between coasts were generally an order of magnitude larger than comparisons within either the Gulf of California or Ojo de Liebre (Table [4](#Tab4){ref-type="table"}). Standardized *G*′~ST~ values also show that on average less than 1% of the maximum possible differentiation is found in comparisons within the Gulf of California and within Ojo de Liebre (Table [4](#Tab4){ref-type="table"}). Between coasts, 14--24% of the possible differentiation is observed. Hierarchical AMOVA showed that most variation within either coast is captured within collections, while less than 1% is found among collections. A low but significant proportion of the variation (3.8%) is explained by the coastal difference (Table [5](#Tab5){ref-type="table"}). Allele frequencies for all samples can be found in the Supplemental Material.Table 4Pairwise θ values (above diagonal) and standardized *G*′~ST~ values (below diagonal) calculated from microsatellite dataGulf of CaliforniaOjo de Liebre---PacificAquacultureGCBLGCLGGCITGCLAOL1OL2OL3AqWSAqSCJAqSCPAqPBCAqBTGCBL0.005−0.0020.001**0.0440.0400.0450.0490.1670.2350.1580.084**GCLG0.0350.0020.001**0.0370.0320.0380.0390.1540.2020.1470.085**GCIT−0.0130.0070.000**0.0390.0370.0400.0430.1580.2070.1510.083**GCLA0.0050.0060.002**0.0400.0330.0400.0430.1520.2030.1460.091**OL10.2410.1750.1680.170**0.003**0.001−0.002**0.1280.1470.1210.054**OL20.2190.1520.1610.1420.0130.000−0.001**0.1320.1550.1230.061**OL30.2390.1740.1720.1670.0050.0010.000**0.1230.1390.1160.061**AqWS0.2650.1810.1790.180−0.008−0.0030.001**0.1350.1590.1260.060**AqSCJ0.5700.5050.4730.4600.4160.4210.4000.408**0.255**−0.003**0.227**AqSCP0.6910.5810.5510.5470.4310.4420.4070.4240.536**0.2510.238**AqPBC0.5600.4920.4620.4490.3990.4010.3840.391−0.0060.532**0.218**AqBT0.3760.3750.3080.3350.2090.2390.2390.2240.6430.6060.630 Significant pairwise comparisons of θ, after correction for multiple testing, are shown in bold typeTable 5AMOVA results based on microsatellite data \# of groupsWithin collectionsAmong collections (within groups)Between groups*F* ~ST~Spawned in culture178.4121.59na0.216\*Wild---(Gulf vs. Pacific)296.090.133.780.039\*Ojo de Liebre199.870.13na0.001\*Gulf of California199.810.19na0.002Global (wild)0.02\*Global (all samples)0.07\*Significant *F* ~ST~ values (α = 0.05) are indicated by \*

### Allelic richness {#Sec16}

Allelic richness adjusted for sample size was similar across all wild collections and within the sample of spat (AqWS) collected from Ojo de Liebre. Private alleles were found in all samples but were most prevalent in the Gulf of California sites (Table [1](#Tab1){ref-type="table"}; Fig. [5](#Fig5){ref-type="fig"}a, e), even given the discrepancy in sample sizes. Parsing the samples into two populations (Gulf of California and Pacific coast), the most frequent private allele was found in the Gulf of California with an occurrence of 1.6%. Microsatellite genotyping of the sample from Panama revealed a total of eight private alleles at the eight loci amplified. Because it was a single sample, it was not included in any other microsatellite analyses.Fig. 5The mean number of private alleles per locus (microsatellite) for: **a** all collections, **b** Gulf of California collections compared only to themselves, **c** Gulf of California collections compared to all wild collections including Ojo de Liebre, **d** Ojo de Liebre samples paired with each of the Gulf samples, relative to all other collections, and **e** all Gulf of California and all Ojo de Liebre samples. Note the scale of the axes differ among graphs

Private allele analysis using rarefaction in ADZE further illustrated the trend of more prevalent private alleles in the Gulf of California (Fig. [5](#Fig5){ref-type="fig"}a, e). The samples from the three northernmost regions of the Gulf of California were similar in the mean number of private alleles per locus as were the three collections from Ojo de Liebre. On examining the number of private alleles per locus in only the Gulf of California samples (neglecting the data from the Pacific), Loreto is least unique within the collections, while La Paz appears most unique (Fig. [5](#Fig5){ref-type="fig"}b). When the information from the Pacific is added, La Paz shows a decrease in the mean number of private alleles per locus compared to the other Gulf samples (Fig. [5](#Fig5){ref-type="fig"}c). Pairing each sample in the Gulf of California with Ojo de Liebre one at a time, and comparing the pair to the rest of the wild samples, shows scallops in La Paz share more private alleles with the Pacific than those in the other Gulf of California locations (Fig. [5](#Fig5){ref-type="fig"}d).

### STRUCTURE {#Sec17}

With only the wild samples considered, the most likely value of *K* was 2 (log Pr(*X*\|*K*) = −22,782.9), distinguishing the Ojo de Liebre samples from those taken from the Gulf of California (Fig. [6](#Fig6){ref-type="fig"}). The mean value of log Pr(*X*\|*K*) for *K* = 3 was greater (−22,708.3) than that of *K* = 2, but had higher variance across runs, and the resulting plots showing assignment of each individual within the collections did not clarify any relationships between individuals or collections. Assuming *K* = 2 in the wild samples, the average *q*-value (assignment probability) for self-assignment of Gulf of California samples to their own cluster was 0.90, and 0.87 in Ojo de Liebre. Twelve Gulf of California individuals (6.8%) and 43 from Ojo de Liebre (10.8%) did not assign to the cluster representing their geographic region. No structure was found considering only the samples collected in the Gulf of California or those within Ojo de Liebre (*K* = 1; log Pr(*X*\|*K*) = −15,384 and −15,407.1, respectively).Fig. 6STRUCTURE output for all wild collections (*K* = 2) based upon microsatellite data. Each *vertical line* represents one individual, and each *color* represents the proportion of assignment to either of the two clusters

Microsatellite analyses: aquaculture {#Sec18}
------------------------------------

In AqBT, 29 (53.5%) pairs of loci were in LD while in all other aquaculture collections, a total of 7 pairs had significant values (1 in AqSCJ, 5 in AqSCP, 1 in AqPBC) after Bonferroni correction. Nineteen tests for HWE were significant at α = 0.05. Twelve remained significant after correction including four loci each in AqSCJ and AqPBC (NsubA005, NsubC205, NsubC261, and NsubA1G09), and four in AqBT (NsubC205, NsubA249, NsubA004, and NsubC261). No departure from HWE was observed in AqSCP. Unlike the wild samples, the departure from HWE in all aquaculture samples was in the direction of excess heterozygosity. Aquaculture samples also had less diversity as measured by expected heterozygosity and allelic richness (Table [1](#Tab1){ref-type="table"}). The mean pairwise relatedness values for all samples spawned in aquaculture were significantly higher than that expected at random and at levels suggesting a high proportion of full (0.5) and/or half (0.25) siblings while the sample of wild spat being grown by producers was not significant (Fig. [4](#Fig4){ref-type="fig"}). For *N*~b~ in samples spawned for aquaculture, the upper bound for AqSCP included infinity; however, all samples had a median estimate less than 26 and in some cases approximately 2 (AqSCJ and AqPBC).

With the exception of the sample of wild spat collected for future aquacultural production (AqWS), samples provided by the aquaculture companies were significantly different than all collections from the wild (Table [4](#Tab4){ref-type="table"}). Additionally, all aquaculture samples differed from one another with the exception of AqSCP and AqPBC. *G*′~ST~ values, when comparing all samples spawned in aquaculture to those in the wild, show 21--69% of the possible variation is observed (Table [4](#Tab4){ref-type="table"}). Aquaculture samples had decreased allelic richness relative to the wild (Table [1](#Tab1){ref-type="table"}). For both AqSC samples and AqPBC, no locus had more than four alleles, contrary to the wild where no sample had fewer than four alleles at any one locus (and up to 23 alleles at NsubA1G09 in the GCLA sample). If the assumption is made that only two spawners contributed to these samples, chi-square tests for allele frequency assuming Mendelian inheritance, the observed genotype identity and ratios of the progeny, similar deviations from HWE between collections, and the presence of only two mitotypes in AqSCJ and AqPBC, suggest that these samples were derived from the same two spawners. Following this assumption, these data allowed for putative parental genotypes of these collections to be constructed using the allele segregation patterns. Working from the inferred parental genotypes, two individuals from AqPBC appear to have resulted from self-fertilization while one progeny had a single allele that was not shared by any other individuals in the sample. In the AqSCP sample, although no more than four alleles were observed at any locus, three mitotypes were found in the five sequenced individuals, and genotype combinations suggest the progeny were derived from more than two spawners. Though the AqBT sample showed only two mitotypes in eight individuals sequenced, the observation of ten alleles at one locus supports the conclusion that at least five spawners contributed to this sample.

Discussion {#Sec19}
==========

mtDNA diversity {#Sec20}
---------------

While this study was originally designed to examine among population differentiation, the unexpected divergence in mtDNA overshadows the evidence of population structure revealed by the microsatellite data. Comparing prior studies of the 16S locus, the level of divergence between clades of the Pacific lion-paw scallop is comparable to that which Saavedra and Peña ([@CR69]) found between true species (*Pecten fumatus* and *P. jacobaeus*), although the divergence between *N. nodosus* and *N. subnodosus* in this study is almost 2.5 times that between the two mitochondrial clades of *N. subnodosus*. In the aforementioned study and others, the rate of mtDNA evolution for mollusks has been estimated to range from 0.04 to 0.54% per million years (Ó Foighil et al. [@CR51]; Rawson and Hilbish [@CR59]; Jazefowicz and Ó Foighil [@CR30]). High fecundity in marine mollusks is often linked to high prevalence of null alleles and speculated accelerated sequence evolution (Williams [@CR80]; Hedgecock et al. [@CR25]); therefore unusually slow rates of mtDNA evolution would be surprising. However, even assuming a "high" rate of evolution given the prior estimates in related species suggests divergence between the two mtDNA clades dates back approximately 5 million years (assuming a rate of 0.5%/MY). While this is only a rough estimate of divergence, geologic evidence suggests the Gulf of California was formed about this time (Riddle et al. [@CR63]; reviewed in Murphy and Aguirre-Leon [@CR49]). One could speculate that populations became isolated as the Gulf of California was formed, leading to genetic drift and the divergence observed. Then, a further hypothesis could assert that secondary contact via the most recent (1 Ma) mid-Peninsular seaway, and/or modern translocation (see "[Discussion](#Sec19){ref-type="sec"}" below) led to introgression of the populations as seen by the lack of nuclear differentiation between clades. While these hypotheses are untested, support for recent connectivity is corroborated by the sharing of mitotypes between Ojo de Liebre and the Gulf of California, including the most common mitotype (*a*). Within Ojo de Liebre, microsatellites cannot distinguish members of the mtDNA clades from one another (*P* = 0.29). In the Gulf of California, there is a significant difference between members of Clade I and Clade II (*P* = 0.28). However, with only six samples from Clade I (of 173 total) and high allelic richness, this may not be an accurate comparison of these groups. Finally, *q*-values of assignment in STRUCTURE do not differ between members of the clades, nor are the individuals of each clade distinguished in cluster analyses. With all evidence considered, it seems that there has been complete introgression between members of the two mitochondrial clades.

Regardless of the origin of the mtDNA divergence, these results introduce new questions regarding the taxonomic status of the Pacific lion-paw scallop and genus *Nodipecten*, which has historically been based upon differences in rib count and arrangement, the node scheme of the left valve of the shell, and geographic location (Smith [@CR71]). Shell morphology was not documented for the scallops in this study as the question of phylogenetic identity was not anticipated. Even so, morphological variation is present within the species and accounts of species distribution along the Pacific coast of North and Central America differ, or at most are unclear. For example, the reported range of *N. subnodosus* varies from Keen ([@CR33]), who reports it ranges as far south as Peru, to Smith ([@CR71]), who reports the southern boundary of *N. subnodosus* lies at the tip of the Baja California Peninsula while a third species, *N. arthriticus*, is present southward. Recent phylogenetic work on Pectinids include that by Saavedra and Peña ([@CR70]) and Puslednik and Serb ([@CR56]), which show *N. subnodosus* and *N. nodosus* to be monophyletic; however, neither report *N. arthriticus*. Furthermore, with the exception of the single sample from Panama, which falls into Clade I, no mtDNA sequence is available for *Nodipecten* spp. south of the Baja California Peninsula.

Microsatellite analyses: wild collections {#Sec21}
-----------------------------------------

### Marker utility {#Sec22}

For analysis of among- and within-population relationships, the ten microsatellite loci used in this investigation had high levels of diversity, which revealed significant population structure between coasts and dissimilarity between wild and cultured samples. Observed and expected heterozygosities were remarkably similar across samples from the wild, and also in the sample of wild spat collected for aquaculture; the average *H*~e~ (0.77) is comparable to that reported in other wild marine mollusks (Kenchington et al. [@CR34]; Lind et al. [@CR39]). Little deviation from HWE was observed. In the wild sample where it was present, deviation was in the direction of heterozygote deficit and may be due to null alleles, which have been documented in several marine mollusks (McGoldrick et al. [@CR47]; Launey et al. [@CR36]; Hedgecock et al. [@CR25]; Reece et al. [@CR61]; Kenchington et al. [@CR34]; Galindo-Sanchez et al. [@CR20], among others) as well as in controlled spawns of this species (Petersen et al. [@CR53]; JLP, unpublished data). However, heterozygote deficit was not observed across samples as would be expected with null alleles, and therefore all 10 loci were kept in the analyses.

### Ojo de Liebre {#Sec23}

After pooling the Ojo de Liebre samples based upon collection date, the significant pairwise comparison between OL1 and OL2 was surprising giving the lack of structure found between individual collections. Also no structure within Ojo de Liebre was detected using Bayesian clustering methods. Compared to the other wild collections, OL2 and OL3 did have a high incidence of LD. While no relatedness values in Ojo de Liebre were significant, OL2 and OL3 differ from the other wild samples in that they were obtained from fisherman. Harvest is limited by a minimum size requirement, so it is possible that during sample collection a biased sample was obtained based upon size, selection of closely related individuals, and/or those that have a similar genetic advantage for growth and fitness. In addition to affecting measures of LD, the sampling scheme could also have contributed to the variation observed between OL2 and OL1 (not collected from fishermen). On the other hand, if this were the case, similar significance would be expected comparing OL1 and OL3, which was not evident. While temporal variation for these or other reasons (i.e., selective mortality) would be of note for the management of Ojo de Liebre scallops, the lack of significant structure between all other pairwise comparisons of Ojo de Liebre collections and between these samples and the wild spat collected for culture in 2007 suggests that the minor temporal variation in the Lagoon is not a driving factor in the overall genetic structure observed. Dispersal of gametes and/or larvae, possibly facilitated by a complex system of connected channels, appears to have produced a population that is near panmixia in Ojo de Liebre. These data, together with Benzie and Smith-Keune ([@CR7]) who showed no variance between age classes in *Pinctada maxima*, added confidence to our ability to make comparisons between the coasts and across the years sampled.

### Gulf of California {#Sec24}

Despite the geographic distance between samples in the Gulf of California, no significant population structure was found based on indices of θ or STRUCTURE analyses. Relatedness calculations, however, show significant, increased relatedness in GCLG and significant, decreased relatedness in GCBL. In GCLG, the relatedness observed could be due to the relatively high proportion of juveniles in the sample. Based upon the size criteria used to distinguish age classes, juveniles represent a single year class while adults likely represent multiple generations. Conversely, this logic does not fit the low value of relatedness in the smaller GCBL sample, which consisted entirely of juveniles. Low relatedness in GCBL, relative to the entire Gulf of California population, may be evidence of gene flow from Ojo de Liebre (discussed below). When calculating relatedness using each collection as its own baseline, no significant deviation from expected values is observed (data not shown).

Significant *F*~IS~ was found in GCIT, though not accompanied by elevated pairwise relatedness. No signs of a significant reduction in population size were detected through the estimated number of breeders (*N*~b~) in the Gulf of California population as a whole. Not shown here, estimates of *N*~e~ as calculated by the linkage disequilibrium method of Waples and Do ([@CR250]) showed similar patterns within the wild collections with intervals bounded by infinity. While estimates of *N*~b~ may be good for relative comparisons, many assumptions are included in the process. In the method of Zhdanova and Pudovkin ([@CR83]) used here, the assumptions include that the samples are from a closed population and that there are nonoverlapping generations. While these assumptions are generally true in aquaculture settings, they are not often the case in the wild. Furthermore, this method is most capable of estimating the number of breeders when the true value is less than 30, which is not the case in many wild situations, and is reported to have the most power with 200 or more progeny sampled (not the case in any individual collection here) (Zhdanova and Pudovkin [@CR83]). That said, all *N*~b~ estimates should be considered with those caveats in mind and are best used to examine relative measures among samples.

### Structure between coasts {#Sec25}

Connectivity between marine mollusk habitats is often explained by the potential for high dispersal of their mass-spawned gametes and drift of the planktonic larvae. Population structure has previously been found in oysters (Benzie and Smith-Keune [@CR7]; Rose et al. [@CR66]; Galindo-Sanchez et al. [@CR20]) and scallops (Zhan et al. [@CR82]), largely attributed to the action of ocean currents. In the case of the sea scallop, Tremblay et al. ([@CR77]) and Kenchington et al. ([@CR34]) have used particle tracking software to examine recruitment of larvae. The former study found that significant biological and environmental effects determine to where the larvae will disperse, while the latter showed that dispersal closely followed current patterns. In the Gulf of California, complex seasonal upwellings and various gyres have been shown to disperse particles (and likely gametes and larvae) both north and southward (Marinone [@CR43]; Gutierrez et al. [@CR23]; Marinone et al. [@CR44]). As directionality of the currents change from a general southward flow in April to northward in June (Marinone et al. [@CR44]), the path that larvae in the Gulf of California take likely varies based upon the timing of the spawn and the directionality of the currents. Furthermore, the apparent connectivity between sample locations may be enhanced by gene flow among unsampled aggregations intermediate to those studied.

While overall indices of θ were similar in the Gulf of California and Ojo de Liebre (0.002 and 0.001, respectively), the θ value comparing all Gulf of California and Pacific samples (0.04) differs by an order of magnitude suggesting there is not sufficient gene flow between coasts to result in panmixia. The proportion of variation explained between coasts is less than 4%, but the divergence is significant and not surprising due to the geographic barrier imposed by the Peninsula, following prior studies of Stepien et al. ([@CR72]) and Bernardi et al. ([@CR9]). The distinction between the Gulf of California and Pacific samples is also supported by cluster analyses in STRUCTURE.

One of the main purposes of this investigation was to provide baseline data to allow for monitoring of the genetic diversity in the populations and the detection of changes in population structure due to natural or anthropogenic events. In this system, it is acknowledged (documented and hearsay) that movement of scallops across the Peninsula has taken place for the purpose of aquaculture and for research (from Guerrero Negro to La Paz (Barrios-Ruiz et al. [@CR5]); from Ojo de Liebre to Norte de Sinaloa (Diarte-Plata [@CR14]); undocumented translocation from Ojo de Liebre to Loreto). In many of these instances, it is reported that the translocated individuals perform poorly and often die (Diarte-Plata [@CR14]; Martha Castro-Poloni, Personal Communication), as seen in experimental translocation of catarina scallops across the Baja California Peninsula (Cruz et al. [@CR12]). However, Barrios-Ruiz et al. ([@CR5]) reported gametogenesis and a spawn in lion-paw scallops from Guerrero Negro that were moved to La Paz. Examining the populations for signs of translocation, assignment of individuals in STRUCTURE showed that several individuals assigned (*q* \> 0.5) to the opposite cluster from which they were sampled. While these individuals could reflect translocations, as noted, the large majority of known translocations are individuals moved from the Pacific to the Gulf of California. STRUCTURE results would suggest the opposite trend is most common. La Paz is a known recipient of scallops that originated in the Pacific (Barrios-Ruiz et al. [@CR5]); however, misassignment of individuals from La Paz is not disproportionately more frequent than in other collections. For more precise monitoring purposes, it would be valuable to develop forensic markers able to resolve the population of origin for these scallops. Private alleles, which could potentially serve this purpose, were common in every collection but most were rare and do not offer much value as diagnostic markers. Future work will focus on microsatellite sequencing that has shown substantial SNP variation in microsatellite flanking regions that may allow for more accurate population assignment in the future (JLP, unpublished data).

While in this instance private alleles are not feasible for forensic purposes, analyses of shared alleles private to combinations of populations in ADZE did uncover evidence of potential gene flow between Ojo de Liebre and La Paz. As Fig. [5](#Fig5){ref-type="fig"}b illustrates, when the diversity of Ojo de Liebre is not considered, La Paz appears to be more unique (more private alleles/locus) than the other Gulf of California samples. But when alleles from Ojo de Liebre are considered (Fig. [5](#Fig5){ref-type="fig"}c), the uniqueness of La Paz drops, suggesting it shares more alleles with Ojo de Liebre than the other Gulf of California collections, further supported by Fig. [5](#Fig5){ref-type="fig"}d. It is uncertain whether these data reflect recent translocations, although with La Paz having the highest incidence of the Clade I mitotype in the Gulf of California, the possibility of past translocations successfully reproducing in La Paz seems feasible. If this were the case, the influence of genetic material from the Pacific may also help to explain the lower than expected values of relatedness in the La Paz collection. However, if the presence of the Clade I mitotype in the Gulf of California was due to translocation, the scallops themselves were not---STRUCTURE analyses assign each to the population from which it was collected.

### Diversity of aquaculture populations {#Sec26}

As aquaculture develops for this species, it is important to understand the diversity of the cultured populations and how it relates to that of the wild. The levels of diversity in the wild were not reflected in the samples spawned for aquaculture as shown by decreased measures of heterozygosity, allelic richness, and estimates of *N*~b~, as well as high pairwise relatedness. Unlike heterozygote deficiency in wild samples, deviations from HWE in the samples spawned in aquaculture were due to heterozygote excess, which could be a consequence of genetic drift in these small populations. Additionally, Bierne et al. ([@CR10]) and Launey and Hedgecock ([@CR35]) have characterized a high incidence of genetic load in mollusks, which could also contribute to the observed excess heterozygosity.

Notably, the sample of wild spat collected from the producers did not show reduced genetic diversity, indicating that diversity is lost somewhere in the process of spawning or in selection for aquaculture conditions. The use of few spawners to create aquaculture cohorts was supported by estimates of *N*~b~ and prior studies of this species (Petersen et al. [@CR53]) and oysters (Lind et al. [@CR39]) that show the familial make-up of progeny created by mass spawns can be significantly skewed from null expectations. Linkage disequilibrium prevalent in the AqBT sample could be explained by family structure, which was suggested by clustering analysis and both allelic and genotypic frequencies (data not shown). Although the AqBT sample had decreased diversity relative to the wild, it contained the most diversity of all the samples from aquaculture facilities, illustrating how the success of multiple spawners in production can improve the diversity of these spawns. In AqSCJ and AqPBC, chi-square tests and genotypic combinations support the assertion that the same two spawners were used in the creation of both samples. As all scallops sold to producers in 2007 were provided by one individual (Marcelo Armenta, Personal Communication), this is a reasonable conclusion.

Three mitotypes were observed in the five AqSCP samples sequenced, and *N*~b~ was estimated to be 25. However, this sample had the highest mean relatedness values observed (0.54) in any sample and no more than four alleles per locus. When sampled, these scallops were noted to have shell abnormalities consistent with those observed in catarina scallops produced in the laboratory by the most severe form of inbreeding, self-fertilization (AMI, unpublished data). Unlike the other aquaculture samples, it appears that the spawners used to create this population were highly related, which is likely as this sample was produced from spawners that were themselves bred in captivity (unlike the other aquaculture samples). The evidence of highly related spawners and evidence of potential inbreeding along with the "high" estimate of *N*~b~ illustrates again that this estimate is useful only as an approximation of the effective breeding size.

With many examples of a loss of genetic diversity in cultured populations (Gaffney et al. [@CR19]; Hedgecock et al. [@CR24]; Blake et al. [@CR200]; Li et al. [@CR38]; Dixon et al. [@CR15]; Lind et al. [@CR39]; Yuan et al. [@CR81]), acknowledging that this is taking place in Pacific lion-paw scallop culture is especially important as grow-out occurs in open waters adjacent to natural populations. Populations of lion-paw scallop artificially spawned for production sexually mature before harvest and therefore have the potential to introgress with and thus alter the make-up of the native populations (Allendorf and Ryman [@CR1]; Bekkevold et al. [@CR6]). The introgression of individuals from culture into the wild, whether intentional or not, can affect the diversity in the wild. Following Ryman and Laikre ([@CR68]), consider the case if cultured samples from AqSCJ (*N*~e~ \~2) were to inhabit and introgress with a wild aggregation (*N*~e~ \~1,000). Even if the cultured scallops make up only 5% of the total population, the *N*~e~ of the aggregation could be reduced by more than 50%. Illustrations of this phenomenon are nicely presented in Gaffney ([@CR18]) along with further discussion of the importance of maintaining *N*~e~ and diversity in the wild. From the standpoint of the producers, the maintenance of diversity in aquaculture may benefit production as inbreeding has been shown to have negative effects on growth of abalone (Deng et al. [@CR13]) as well as growth and fitness of oysters (Evans et al. [@CR16]) and scallop (Ibarra et al. [@CR28]; Zheng et al. [@CR84]). Loss of natural diversity may also eliminate natural genetic variability that could be drawn upon in selective efforts to improve the quality of the aquaculture populations.

### Summary {#Sec27}

In summary, mitochondrial analyses showed two divergent groups, both represented in Ojo de Liebre and the Gulf of California although at differing frequencies. As microsatellite data show, scallops from both mitogroups appear to be introgressed, raising questions pertaining to the origin of the mitotypes found in this species. Microsatellite data has shown that the Pacific lion-paw scallop aggregations in the Gulf of California and those in the Lagoon Ojo de Liebre are acting as two genetically distinct populations. Some evidence suggests gene flow between the Pacific population studied and that in La Paz. It is uncertain whether translocations have influenced the genetic structure observed, although future translocations are warned against due to the significant population structure found here. Samples of scallops being grown in aquaculture are unlike any wild populations, clearly less diverse, and also should be prevented from contributing to the diversity of the wild. Besides serving as a baseline for future monitoring of the species, these results warrant the attention of managers and producers of scallops who should work to ensure genetic diversity is sustained in wild and cultured populations. Finally, a complete survey of the genus *Nodipecten* would be helpful in elucidating the relationship between scallops around the Baja California Peninsula with other aggregations in the Pacific.
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